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Abstract

The three-dimensional compositional model Comptlow has been extended 1o sllow the
simulation ot the multiphase advective, dispersive and diffusive flux of non-ayueous phase liquid
(NADPL) contaminants in a disercte-fracture nctwork, atlowing for phase partitionipg aad dynamic
interactions between the fructure network and (he, surrounding jow-permeability rock matrix. The
approach used to couple fluxes between the fructires snd matrix wllows represeatation of capillury
pressure differences within the [ractures and matrix and makes na aysumption of equilibrium
hydraulic conditions hetween the two. The model is verificd for the case of squesus-phase solute
transport by comparison with an aaalytical solnion. An exumple problem is presented involving

- the migration of & dense pon-aqueots phase liquid (DNAPL) consisting of trichloccthylenc (TCE.
in u single verticul fracture within a low-permeabilily material with signiticant mutrix purosity
‘The simulation results dermonstrate that matrix diffusion acts to (ransfer significant amounts ¢
contuminant to the matrix in the aqueous phase. After the DNAPL source is remuved, the NAPL,
ultimately disappears from the fracture due to pactitioning of contaminant into the agueous phas:
wilh concornitant matrix dilfusion. Tt is shown that as the porosity of the matrix increases. the raw
of migration of the TCE DNAPL front within fructures is retarded. due (o dissolution und matria
diffusion. The sensitivity of DNAPL migration within the fracture 10 the form of the reluiv:
permeability relationship i also discussed. The model is then used (o highlight the potential fi
deep DNAPL penetration through a vertical cross-section consisting of a shallow unconfined sun:
ayuiter und a deeper sund aquifer separated by # layer of froctared clay, Vertical (ractures throug!
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i . the clay that hydraulically connects the shallow and decp aquifers arc shown to he capable of ; an cause. the d%sappg‘
-: %, lransmitting both dissolved contaminant and DNAPL to the underlying aquiler, with DNAPI. {ractures in a high-po
g travel times through the 5-m thick clay uait being on the order of duys. For the sccnarios However, it s less cert
oesamined. the DNAPL cniering the lower aquifer via the fractured clay unit may completely : volatilization) and mat
3 'Eﬁlve at the aquiter -aquitard interface duc 1o lateral groundwater flow in the lower f\q\xifer. DNAPL within a fracth
provided the aperture of the vertical fractures in the clay layer are less thun about 30 pm: Previous mathemati

however, some DNAPT.§ may penetrate into the lower aquifer and exist as 2 non-aqucous phase if
the fracture aperures in the clay layer are 50 wm in size or larger. In this lutter case. the presence
of the DNAPL in the lower aquifer ucts as a persisient source of groundwater contamination and
can produce an cxiensive plume in the direction of groundwater flow. € 1999 Flsevier Science

porous media have o
diffusion will affect the
previous numerical mo

B.V. All rights reserved. McWhorter, 1991), as
1990; Mendozs, 1992)
Keywords: Non-agueous phase liguids: Contaminant tiansport: Phase partitioning: Fraciured materals: Porous phase and a DNAPL *

materials . and matrix diffusion
' ' - consider DNAPL disso
the simplifying assumj

& b1 Introduction ( however, moc_iels“ such
4 i develop constitutive re

W o B (Mendoza, 1992).
i Historically. thick deposits of lacustrine clay have heen considered impermeable ' Therc has also been
g barriers to the downward tlow of contaminants inrroduced accidentally at the ground lo simulate the tanspc
Y surface. As a resull. many indusuial sites jnvolved in.the processing or storage of the context of single-
huzardous chemicals, purticularly chlorinated organic solvents. have been situated above describing advective—
such clay deposits, The discovery of hydraulically active vertical fractures in clay containing a scries of
aquitards at depths of up ro 50 m has, however. caused concern for the vulnerability of Subscquently, aumeri
& deep aquifers to contsmination by these dense non.aqueous phuse Jiquids (DNAPLS). diffusion on dissolvec
g Bccause they sre more dense and gencerally less viscous thun warer. DNAPLs composed 1992; Sudicky and M
of chlorinated organic solvents are highly mohile in the subsurface und may penetrate previous cfforts 1o inel

: the lracture network within « clay aquitard and migrate downwards to contaminate media, In their model,
4%, drinking water sources at depth. Due to their extremely low drinking water limits, even and the porous marr.
“iiGsmall amounts of such solvents are cupable of contaminating lurge volumes of waler, dissolution und transp
ciwidn a fractured low-permeability materiul. the entry pressure o the non wetting phase numerical-analytical «
ishgenerally lower in the fraclures than the marrix. Because DNAPLs ure usually including matrix ditfy
non-wetting with respect 1o waler in most geologic materials, they will preferentially network. The DNAPL
cater and remiin wirthin the fracture network when u fractured lowspermeability unit is immobile, and the dist
encour}wred within the saturated zone (Kueper and McWhorter, 1991). The fractwe void Other previous nuf.

: - space in u gcologic_nuucrial is of the order of 10 © or less of the bulk vulume. while in " in fractured media usi
g a lyp(cal sandy aquifer, the porosity ranges from 25 o 404 (Freese and Chetey, 19793, are neglected. The nu
. This means that small volumes of DNAPL may spread Luge distances in a [ractured media. is given in Hu;
materml.rc.lati ve to a similar spill volumie in a typical granular aquifer. The question of rode! has been accom:
the maximum vertical and lateral extents of the DNAPL source zone within u fracture . (1991) who modclled
g network is ol primary importance when assessing containment and remediution options multiple inwracting ¢
a avu fractured- rock site contaminated by a DNAPL.. represents the fractun
1t is known that the diffusion of dissolved contaminants lrom the Jractures 1o the : continuy which are lin
| =MAtx can retard the movement of aqueous phase solute plumes. It has also been shown Compuositionsl simt
by Parker et al. (1994) that the concomitant processes of dissotution and matrix diffusion 1995), bave been show
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can cause the disappearance of the non-aqueous phasc from {ully D\NAPL—sat.uratcd
fracturcs in a high-porosity malerial in time frames on the order ol days to years.
However, it is less certain whether the processes of phase parunioning {cp. dissolution,
volatilization) and matrix diffusion can reducc the mobility and maximum cxtent of
DNAPL within a fracture network, _

Previous mathcmatical modelling efforts addressing mualtiphase flow fraczun?d
porous media have not direetly addressed the issuc of how aqueous-phase mamix
diffusion will affect the migration ratc of DNAPL fronts within a fracture network. Most
previous numerical models based on the coupled two-phase {low equations {Kueper and
McWhorter., 1991), as well as those based on percolation theory (Pruess and Tsang.
1990; Mendoza, 1992) which attempt to simulate the simultancous [low of an aqueous
phase and a2 DNAPL within a rough-walled fracture, ignored any DNAPL dissolution
and matrix diffusion eflects. Those models based on percolation theory which do
consider DNAPL dissolution and matrix diffusion (Esposito, 1995: Banack, 1996) make
the simplifying assumption that agueous phase rransport does not affect DNAPL (low;
however, models such as these nevertheless provide a stating point [rom which to
devclop coastitutive relationships for maltiphase low in a rough-walled fracture plane
(Mendoza. 1992).

There has also been constderable work performed in developing mathematical models
to simulute the transport of & dissolved solute within discrete-fracture networks within
the context of single-phase groundwater flow. Onc of the carly unalytical solutions
deseribing advective. diffusive transpont of a dissolved solute jn a porous mediumn
containing a series of parallel (ractures was developed by Sudicky and Frind (1982).
Subsequeatly, numerical models were developed o investigate the eflect of malrix
diffusion on dissolved solutes in water-suturated fracture networks (Hamison ot al.,
1992 Sudicky and Mclaren, 1992). Themrien and Sudicky (1996) extended these
previous efforts (o include solote ransport in 2D fracture neiworks in vasiably saturated
media. In their model. Richards' equation wus uscd 10 describe flow In both the fraclures
and the porous matrix under the assumption that the gas phase is passive, The
dissolution and transport mode! of VanderKwauk and Sudicky (1996) used a mixed
aumericul—analytical solution to study the effects of dissolution and sofute trunsport.
including marix diffusion. on the disappeurance of NAPL held within a fracrure
nerwork, The DNAPL was, however. required to he at resiclual saturation. and thus
tmnobile. and the distribution of the DNAPL had w be defined a priori.

Other previous aumerical models huve simulated the tlow of DNAPL, water and gas
in fracrured mediu using a “hlack-0i)" upproach where the effects of phase pastitioning
are neglected. The numericul formularion of this approach. ux it pertains to [ractured
media, is given in uyakors et wl. (1994), and its incarporation Into « discrete-fracture
medel has been accomplished by Diadato (1996). Alsa of interest is the work ol Pruess
(1981 who modelled muhtiphase ow and transport in fructured media using the
multiple interacting contioua approach in the TOUGH2Z simulator, This approach
represents the fracure nctwork wnd the porous rock matrix as separate. overlying
continua which are linked by u leakuge flux. -

Compositional simulators (Sleep and Sykes. 1993a.h: Lorsyth, 1994: Unger e ul.,
1995). have been shown 1o he tobust and efficient when dealing with the complex phuse

.
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i
: partitioning processes involved when gas, water, and a DNAPIL. composed of any Y\ afeF conservation:
number of components are present in porous media. Compositional models are ideally
§ s wited o multiphase problems where environmental contaminants are involved. s the a S M.X )
P model tracks the movement of esch component in each phase. While appealing because b [‘P( qfMqtwy
¢ f. it generality, the compositional approach for modeling DNAPI. migration n
: " disérete-fracture neiworks embedded in a porous rock matrix has not yet becn applicd to . here the Darcy (lux of
'-':, the problem of multiphase flow in discretely fracuned porous media. .
The purpose of this paper is, firstly, Lo brielly describe the enhancements to a V= —-Kﬁ( (vP,
previously developed compositional numerical model. and apply this model o an { AR
;] investigation of DNAPL migsation and phase partitioning processes in both a single
i vertical fracture and a fractured clay aguitard underlain by a sandy type aquiler. The reader should re
i the 1eXI.
The constraints amo
& 2. Theory of the dispersion tensor
; have becn previously p
A fully 3D. three-phase (NAPL, gas, and water) composilionu} muodel, capuble of
b simulating the fate of DNAPLs in diseretely fractured porous media, is presented. Tt is 2.2. Mulriphase flow w.
o - direct extension of the CompFlow model (Unger et ul, 1996). which has becn
“préviously verified against multiphase test problems involving non-fractured porous
. média (Panday et ul., 1995). For ease of exposition and because e examples presented The surfaces of 4 na
here involve two-phase (NAPL and water) flow, the componenl conservation equations in space. When multipl
for only water and cuntaminant are given below. will tend 10 occupy the

wil] wand o occupy the
{raclure may depend ¢
oceupied hy the phase
rock fractures, Persofi
regions of narrow aper
controlled the single-p
nop-wetting phase ov
Fxperiments involving
of flow within the frac
at ditferent points witl

When modeling mt
incorporale the effects
previously used appro:
porous media, and to ¢
ity und phase satural

2.1. Governing equativns

The cquations considercd in the model represent the conservation ol moles for each
component, p, which are water (w), and m contaminants (¢, ). The two phascs. (.
. which can cxist are the non-agueous phase (n), the aqueous phase (¢). The governing
cquations, which are equivalent to those for muitiphuse flow and transport in porous
, media. are assumed 1o hold for either a discrete 2D fracture plune or u 3D porous matrix -
.. Block, However, the physical properties and constitutive relations for cach zone will. in
““gencral. be different, The linking bewween the discrate fracture and matrix equutions will

be discussed in Scetion 2.3, Assuming equilibrium partitiening of components hetween
phases and isothermal conditions. the non linear wdvective dispersive conseration
equutions lor each component g arc

Contamninant m conservalion: (Kwicklis and Healy,
.o : Relative permeabil
P l «/:(Sq M X, + S M X )i K, M X, 4] been investigared in

within a massive do

. ‘ . =- (M X V)=-¥(MX V) +TbsD  MTX ) capillary pressure cun
N S e Corey porous mediun
i FW(S.D. MTX ) g, (1) phase interfercnce eff

phases summing to I¢
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Waler conservation:

d , . "
ry [#(5,M, X )] = = P(MXuy) + (65D MqVXH ) (2)

where the Darcy flux of cach phase is given by (/= g.n):
k S .
Vs =K~ (TP ygF D). (3
My : ‘

‘Phe readsr should refer 1o Scetion 7 for the definition of any parameter not givep in
the text, .

The constraints among the saturation, mole [raction and pressure variables, the form
of the dispersion tensor, tortuosity expression and eyuilibrium partitioning coefficients
have been previously prescnted (Unger et al., 1995, 1996) and are not repeated here.

2.2. Mulriphase flow within « rough-walled fracture

The surfaces of & natural (racture are rough. with the fracture aperture being variable
in space. When muhtiple {luid phases are present within a fracture. the non-welting phase
will tend 1o vccupy the larger aperture regiops of the fracture, while the wetting phase
will tend to oucupy the smaller aperture regions. The mobility of each phase within the
fracture may depend on the degree of conncction bstween the regions ol the fracture
occupied by the phase. Tn lahoratory measurements of gas and liquid flow in narura)
rock [ractures, Persoll and Prucess (1995) found that under cerain conditions. small
regions of narrow aperture jocated between larger regions of wider aperture effectively
conurolled the single-phase hydraulic aperture of the fracture. and the flow rute of the
non-werting phase over a wide range of phase saturations doring two-phase flow,
Experiments involving two-phase low within fracture replicas have shown channeling
of Tow within (he fructure and Nuid velocities varying over several orders of magnitude
at dilferent points within the fracwre Brown et al. (1998).

When modeling multiphase flow In a nerworle of discrere fractures, it is desirable o
incorporate the effeets ol these microseale processes at the macroscale of the model. A
previously used approach has been to conceptualize the fracture ay a 2D, heterogencous
porous imedia, and to deline constitutive relationships hetween phasc-relutive permeabil-
ity and phase saturarion, as well us hetween phase pressure and phase saturation
(Kwicklis and Healy. 1993: Therrien and Sudicky. 1996).

Relative pameability and capillary pressure relationships in o single fracture have
been investigated in luboratory studies. la an experiment involving a single fracture
within u massive dolomitic limestone, Reitsmu and Kueper (1994) found that the
cupillary pressure curves measured for he fractve were well-represented by a Brooks-
Corey porous medium capillury pressure function. Persoff and Prucss (1995) observed
phase interference effects with relative permeubilities of the wetting and non-wetting
pha.sss surnming (o less than one at intermediate phasc saturations.
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A wmore theoretical approach to investigating relative permeability and capillary
pressure functions in & single fracture has been to use microscale aumerical models of
small fracture volumes, with surface areas typically on the order of a few tens of
centimerers, The fracture volumes arc discretized into pore sized segments in which the
sfracture walls are assumed to be smooth and parallel. Each scgment is assigned a
“eonstant aperture, with the aperture distribution of the Iraciure gencrally based on
Statistics derermined from measurements of natural fracture surfaces. Such measure-
ments have provided experimental evidenee that {racture uperture distributions may be
represented by mathematical probability functions such as the log-normal distribution,
and that fracture aperture is spalially corelated on the scale of a (ew centimeters (Gale.
1987: Brown, 1995: Hakami and Larsson, (996).

In these microscale nuinerical models. cuch fracure scgment js assumed 1o be
occupied by only one of the wetling and non-wetting phases. with the phuse occupuancy
governed by the local capillary pressure of the segrment. Early studics, such as that by
Prucss and Tsany (1990), followed a “globa) accessibility” criterion. where all individual
fracture scgments were consldercd accessible to both phases. Later investigations
(Mendoza, 1992; Kwicklis and Healy, 1993, Yang et al.. 1995) included the effects of

_phaxe eptrapment. 1n which disconnecred clusters of [luid we not considercd mobile
until « continuous pathway exists from the cluster to an inflow or outitow boundary for
«the. fluid phase in question. This upproach is more suttable for situations in which the
mamx surrounding the fracture is considered impermeuble to the invading fluid phase,
as is generally the case for & DNAPL. inv ading a wuter-satwated [racture.

The work of Menduza (1992) is parricularly useful. as it exumined the sensitivity of
the capiliary pressure and relative permeahility relationships to the statistical charucter.
tstics of the [racturc aperturs distribution in a Monwe Carlo frumework. In his work.
two-phase flow in 4 single rough-walled lracture plane was sunulated using invasion
percolation theory, which allowed for the entrapment of one or both fluid phases. Under
various {luid accessibility scenacios, multiple realizations of the fracture aperture
distribution were used o generste a runge of mean capillary pressure and relative
permeability curves ypplicable to multiphase flow within a single rough-walled fracture.
and functional relationships were derived to represent them. The capillary pressure and
. Jelative permeability relationships used in this waork are bused on the set of simulations
,m which the fracture aperture was assumed fo be distributed lug-normally. with
va‘, ance of 1.0, a geometric mean of 27.5 wm. and un isotropic carrelation struciure.

As in the laborwory work of Reitsmu und Kueper (1994). the capillary pressure—
saturation relationships obtuined hy Mendoza (1992) under drainage conditions were
lound w be adequatcly represeated by a Brooks Corey type functional relationship
(Brooks and Corcy. 1964). The best-fir capillary pressure [unction, expressed in terms of
arcal saturations within the [racture, was (Mendoza, 1992):

. .S-\ - S-\. _ 6 v Y
A ] - S:\, - h* ) N (4)

where B is the aperture corvesponding w the displacement proessure (P,). v is equivalent
S o the Brooks—Corey pare size distribution index (A). Sy iy the effective wenting-tiuid

INFOTRIEVE 2 _
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arcy saturation, and b
capi lary pressure for agive
this work, the effective wér
the welting phase aredl s
Pr..ctures with geometric
applying the lollowing sc
195 2):

g
B b, cxp (——)ln(

3 7,
wlere b, is the geometric
di ribution, with the subs

M mdoza (1992).

The relative permeabilit
reiationship. For the wet
sormeability was expresse

. — AW
.]‘1“ _‘SW »

ahere 53 is the wetting
of the aqueous phase wit
15y us (Mendoza, 1992)

1
Sy = Serlc erfc™ '
For the non-wetling p
viendoza (1992) for drain
k

. = S\ ‘"m«“

As in purous media f]
Jefined o represent a vol
paths. It js customary to
paralle) plares. in which ¢
1972):

( .
ke =, .

where 25 is the eflective
mucrodispersion paramet.
channeling and enhanced
within the [racture, Elfor
macrodispersivity parame
for pore-scale variability
and Lspedal, 1994 Lwin
tion ol muliphase flow {
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areal satugation, snd b* is the effective pore radius. subsequently used to caleulate the.
capillary pressure for a given saturation and fluid interfacial tension. For the purposes of
this wark, the effective welling-phase areal saurition was assumed o be equivalent o
the wetting phasc arcal satvration (§,). with a residugl saturation (Sx) of zero.
Fractures with geometric mean apertures other than 27.5 p.m could be accommodated by
applying the following scaling relationship to calculate the 8 parameter (Mendoza,
1992);

B=bh,exp (-:—)ln( Bo/b) | (s)
0

where b, is the geometric mean aperture, and o * is the variance of the log-aperture
distribution, with the subscript 0 indicating the original paramerer values taken from
Mendozs (1992).

The relutive permeabilily curves were found to he best represented by a simple power
relationship. For the werting-phuse (water), under drainage conditions, the relalive
permeability was expressed as:

ke, = S (6)

where $5 s the wefting phuse suturation expressed in arcal terms. The arcal saturation
of the aqueous phase within the fracture was derived from the volumetric saturation
(Sy) as (Mendoza, 1992);
A l ¥ ] \ \ v
v =gerelerfe '(25y) - (1 ~5“ )7§_» : M
For the non-wering phase (DNAPL).:the relative permeability was expressed by
Mendoza (1992) lor drainage conditions as:

ke =S50 (8)

As in porous mediu [low. the intrinsic permeability wensor of the [racture must be
defined to vepresent & volume-averaged vulue ol the permeubility ol the individuyl flow
paths. It is customary to assume o simplilied representation ol the fracrure as smooth.
parallel plates. in which case (he intrinsic permeability of the fructure is given by (Bear,
1972):

hom o . - (9)

where 25 is the effective hydraulic aperture of the (racture. For single-phase fiow, u
macrodispersion parameter is also normully defined 1o account for the possible How
channeling and enhanced mixing of dissolved species mansported in the aqueous phase
within the fracture, Eilorts have been made w examine the validity of defining similar
macrodispenivity parameters for multiphuse flow situations in porous media to dccount
for pore-scale variubility in [low velocities and the resuhing fingering observed (Langlo
and Espedal, 19941 Fwing, 1997), This concept is putentially applicable o the descrip-
tion of mulliphase flow in naturul {ractures as well as porous media. although it has not

.
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With this approack,
co.ncident, and a set of:
fractures. :u.lditip.n 0] Ihos.c al u_m-i.,

Mendoza (1992) calculated capillary pressurce and relative permeability relationships ary differences in capilla
under both drainage and imbibition conditions. It was obscrved that pore-scale variabili- ?,":" the mclu‘?m’x;;f possil
tics caused the relationships to cxhibit hysteretic behaviour at the Jocal scale of a tuct?'? wa 1-s o
single-fracture plape. For the purposes of this work, hysteresis is. ignored at the local v odelling (Sudicky and
scule, but as discussed in Mantoglou and Gelhar (1987a; b), spatial variations in local n '>de§ in cach fracture d
scale, propenics, such as permeability and capillary pressure relationships, can cause '?"d 1 contimuity of prf:s.s
hysicretic behaviour ar a larger scale. Therclore. the incorporation of hysieresis in the {acture /matrix nodes.
local scale constitutive relationships may not be necessary m produce hysteresis within a
larger-scale problem. :

been applied in this work. Further effort is requircd to amive at a mathematical
deseriprion of the effects of channelization during multiphasc flow within rough-walled

3. Veritication for agu
2.3, Numerical formualation
A prior version of it

Egs. (13=(3) ure discretized using the finiwe volume method, with the low-permeabil- has becn previously vert
ity matix being represented by 3D rectangular block cells and the [raclures by 2D work presented here is ¢
rectangular planar cells. Fugther details regarding the diserctization method can be found in 3D discretcly fractu
in Slough er al. (1998), quently, Lhe Tesults of Lo

An input constraint on the fracture network in this version of CompFlow is that ail venfication of the coup

“fracture planes must be orthogoaal. Cach fracrure finitce volume is placed at the interface analytical solution lo th
; “betwesn two maltrix blocks as shown in Fig. 1, and is zm.umud 1o [ully intercept the flux of paralle] fractures (Su.
é. between the two matrix cells. Cumpl-low model nume
¢ solute concentration val
K The physical system
2 10.-m high X 2-m widc
% um fracture located in
;’ Tahle |
Putameters for madel verificn
] Frawme
:b pu Ancrure
§ , S™ Maltrix variables ‘ Longiwsdinul dispersivity (o
‘u " Xm Transverse dispersivity ()
1 . Steady-arate groundwater veke

Porysity

i Clay marvix

S" Fracture varigbles
Xt Intrinsic permeability (isotrop

(Hydraulic eonductivity)
Longiudinal dispersivity (o,
Matrix finite volume Horizontu| yansverse dispersi
Verticsl transverse dispersivit

Fracture finite volume Porosity
: Inffosion voefficient

- — — — ——

O Matrix node
® Practure node

=

Fig. 1. Coupling of mutrix and fricfure finite volusies,
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With this approach, the fracture cell centre and the matiix cell ceatre are not
coincident, and a sct of primary variubles is maintained ai the fracture cell nodes. i
addition to those at the matrix cell nodes. This dual-node approach fully incorporates
any differences in capillary pressure between the fracture and the matrix, and also allows
for the inclusion of possible non-cquilibsium conditions due 1o, ¢.g., a “skin effect” at the
fracture wx)). This is in contrast with som previous approaches to discrete fracture

i N .
1 modelling (Sudicky and McLaren, 1992: Therrien and Sudicky, 1996), in which al)
1 nodes in each fracture element are common [0 those on the cdges of a matrix element.
2 and & continuity ol pressure and contaminant concentration is assumed at these commnion
e Iracture /matrix nodes.
a
3. Verification for agueous phase transport
A prior version of the multiphase modc! CompFlow for porous media applications
- has been previously verilied by Panday et al. (1995). To the best of our knowledge, the
D work presented here is the first atempt ut compositional modelling of multiphase flow
1 in 3D discrercly fractured networks embedded in a porous rock mairix, and conse-
yuently. the results of test problems are unavailable in the litcrature to permil a complete
i verification of the coupled fracture/matix multiphase flow and transport solution. An
-e analytical solution to the problem of single-phase {low and solute transport in a system
X

of purallel fractures (Sudicky and Frind, 1982) {s used here w verify the accuracy of the
CompFlow model numerical solution to this problem. The analytical solution provides
solute concentration vafues at any point along the {racture or in the matrix at any time.

The physical system uscd in the verification and sensitivity analyses consists of a
10-m high X 2-m wide porous clay block' of unit thickness with a fully penetrating 30
pru fracture located in the middle of the block. The puramcters used in the verification

Table |
Parameters fnr mode! verification

—_— —

Fracture

Apertiire 0 wm
Longituding dispersivity () - » 0.0l an
Transverse dispersivily Uir,) 5001 m
Sready-sate grovadwiiter veloeity (183 m duy
Porosiry 1o

Cluy matrix

Intninsic permeability Gsotropic) LOXIs T m?

(Hydraulic conductivity) SRR STIARANTE
Fongtiudinal dispersivity () ) 0.l m
Horiconral transverse dispersivity (e, ) 003
Vestical transverse dispersivity (a, ) 000 m
Porosily ‘ 0.3

Diffusion cuetticient (7210 *m /day
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are shown in Table 1. Due to symmerry. computations were performed for only one-half
of the domain, The constant pressurc boundary conditions applied at the top and bottom
of the domain fixed the water pressure $0 as (o produce a steady-sute downward flow of
water, with a hydraulic gradient of 0.01 m/m, creating 4 groundwater velocity of 0.53
m/day within the fracture, The advective (fux within the clay block was negligible. with
velocitics on the order of 1077 m/day. For the verification exercise, the water entering
the lracture at the upper boundary was assigned a solute concentration equal to that of
TCE at its solubitity {imit of {385 mg /1. No noan-aqucois phase TCE cxisted at any time
in the domain, thus pemmum a direct comparison with the results of the analylical
ulutmn .

"’ The horizontal spatial discretization used was on the order of tenths of a ceatimeter
kmmc(‘,dmu,ly adjacent to the fracture, and increased 1o a maximum of almost 20 em at

the outer edge of the domain. The verticul spatial discretization was 5 ¢m at the top of

the fracture, and increased to a raximum of 25 cm ar the bottom of the domain.
Lig. 2 shows the numerical solution ol the concentration profiles along the fracture at
times equal to 50 days. | year and 5 years. and the same concentration profiles as

1.0

-3 Numetical Solution 4
e A nalviical Solution

kI 1
E
306 .
=
=
5]
2]
=
=4 b 1
U
4
2
= 04 L i
5
z

,‘ - — ——— = TAaMA 4 N
U 30 +.0 ARy
Distunce afeny Fracture vmy

Fig 2 Compurisan of numerical und analyical solutons of voncenuition profile ar dissubved TCE along
fracture, )
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Once again, clear agreem:

4. DNAPL. migration ip
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component mamix ditlus
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Results will be pres
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0.8

—— Analytical Solution 4
& = 2 Numerical Selution

124
o

10 yeurs

o
-

Relative Concenlration

~ [

0.0 4 = - - >
0.0 o1 02 0.3 S04 05

Distance int Matxix (W)

Fig, 3. Comparison of numerical and an:»xlylirsl»so\nnion.ynf.diffl)siumprqmc of dissolved TCR in clay ustrix

0,7 m Lelow souree.

predicted by the analytical solution. There iy good agreement hetween the two, with a
very slight wpount of numerical dispersion at the leading cdge ol the profiles. lig. 3
<hows the dilfusion profiles in the matix. perpendicular to the planc of the fracture ata
depth of 0.7 m. at | and 10 yeurs for both the nwnerical and the analytical solutions.
Once again, cleur agreement exists between the aumerical and anutytical results.

4. DNAPL migration in a verticai fracture

Because CompFlow includes the processes of multiphase flow, phasc partitioning and
component matrix diffusion. it is idcally suited (o investigate the pussibli influence of
aqucous phase transport processes on DNAPL migration within 4 fracture surrounded by
| DOTUUS malrix. ’

Results will he presented for simulations which cxamine the long-term faie of
DNAPL releused above u singie vertical fracture within a clay block. and also the
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‘sensitivity of the DNAPL migration rate within the fracture to the matrix porosity and

the relative permeability—sataration relationship used within the fracture.

For these simulations. the geometry of the physical system, the propertics of the
geologic materials and fracture (Table 1), and the imposed hydravlic gradient werc
identical to those uscd in the verification problem., However, in this case. the top of the
[racture was 1 refease puint for the chlorinated solvent, tichlorethylene (TCE). The
physiochemical properties of TCE and water are given in Table 2.

“The Brooks -Corey parameters used wo gencrate the cupillary pressure and relative
permeability relationships within the 30-wm_[racture. for the two-phase system (water
and u nou-aqueous phase TCE) are given in Table 3. Capillary pressure relationships for
the clay matrix were obtained from the work of El Kadi (1985) who compiled capillary
pressure data from 175 clay samples 1o construct a representative cupillary pressure vs.
aturation curve for clay-type materials. The Brooks Corey purameters that best repre-
isented the capillary pressure curve for clay are given in Table 3, and a capillary pressure
funcrion was calculated similar to Eq. (4). using volumetric rather than areal saturativns.

Tahle 2
properics of TCFE and gqueons phase

Physiochemical properry - . “\iu}uc

Free yolutiont diffusion coefficient in weiter
Dyer R T sdayt

Interfuciol tension of TCE = water sstem
.
i g dlal NS

Liguid compiessibilitices ,

C, A0 KPP
< LAKI0 T kP2t

Sraadavd prexsuees

LR ARA Y000 kP

Viseosdios
n, LA 10 WP day™
o L i T kPaday

Molecular wolzhis
W, . U210 7 Ry, nl
w Y 131 3x 1 \‘l\g,/mnl"‘

_ Munx density

" Pu C000 kg /mY

o Pesey 1160 ke /m ™

" Equilihrum wwole fraction tn aqueous phase 19071077 (1385 mg/'l_)J

“Parker et b, (1994).

PUnger et al. (1946),
"Schwarzenbach et al. (1993,
“Pankow und Cherry (1996).

D ———

@013

Table 3
Parumeters vsed to define’c
derails)

Facwre B3
Clay matnix 10

. S+ Sa— *————

No relative permeab
relative permeabilitie
(8). This relationshig
matrix is expected to
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In this problem, T
of 75 days. The reles
equal to the volume
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downwards hydrau)i
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process known (o be

As can be seen |
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phasc at the top of 1l
of TCE. After 35 d.
length of the 10-m k
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boundary, untl it re
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non-agueous phase
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Table 3

Purameters Used 1o define cupillary pressure and re]zme permeability refationships (see Section 2.2 for further

details)
f the ——— — - — e e e
were : ——— e e
{ the Fructore 339 1.53 0.0 9.66 404

Clay marrix 0. 0.34 .01y 4 4

ative

No relative permeability relationships were available for the clay matrix, and thus,
relative permeabilitics were calculated using a simple power {unction, as in tqgs. (6) and
(R). This relationship is of limited significance, as non—4queous phase low within the
matrix is expected to be negligible.

b

4.1. Long-term fute of a TCE release in frartured purous media

In this problem, TCL was relcased at the top of the fractore. as a NAPL, for a period
of 75 days. The relcase wok place at a constant rawe of 0.4 mi/duy for a total of 300 ml,
cqual Lo the volume of the fracture. Alter 75 days. the TCL release was terminated, and
uncontaminated water was allowed 1o flush through the fracture for 5 years, under a
downwards hydraulic gradient of 0.01. This was done 0 examine the long-term
implications of diffusion of aquevus-phase TCE {rom the matrix back into the fracture, a
process known to be slow.

As can be scen from Fig. 4. the TCE invaded the fracture and flowed downwards
within the (racture, but did not cnrer the clay matrix. The pressure in the non-aqueous
phase ul the top of the {racture was equivalent to 1 poo) height of approximatcly 54 cm
of TCE. After 35 duays, the non-aqueous phuse TCE had migrated through the entire
tength of the 10-m long fracture and had begun (o exit through the boundary at the basc
of the fracture. From this point in time until the end of the TCE relcuse (75 days), the
saturations of TCE within the fracture were constant in value and equal to 0.3, with the
TCFE mass entering the top of the fracture equal to the tolal of the mass exiling across
the fower houndury in both flowing phases, and the mass catering the matrix by
aqucous-phase diffusion.

Fig. § shows the logarithm of the mole fraction of TCE In the uquevus phase.
Dissolved TCE can be seen within the clay matrix. Examination of the magnitudes of
the udvective and difTusive muss fluxex {rom the fracture 0 the matrix indicated rhat
only about 1% of the total flux of dissoived contuminunt from the fracture to the matrix
was duc {0 advection ol the uqueous phase. Thus, matrix diffusion is the dominant
transport process by which dissolved TCE entered the elay mauix.

Alter the release of non-aqueous phase TCE was discontinued. the non-aqueous
phase TCFE within the [racture continuced to [low downwards and exit through the lower
boundary. until it reached residual saturation. At the same time, contaminant-free water
entered the top of the fructure, and TCE mass partitioned from the DNAPL 1w the
aqgucous phase in the fracture, It can be scen from Fig, 4 that alter less than | year, the
nun-aqueous phase was completsly removed {rom the fracture through a combination of
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Fig. 4. The TCE satuiations in fravture and matnix fur 75 days of DNAPL release fullowed by 2 years o warer ) '
Nushing: (2) 15 days, (5) 35 davs. (€] 85 clays. () 130 days, ted 30 days, INB2 leltmast vertical face of wach by 5 years of water finshing: G
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bluck represents the fracture, while the remaindee ol the Block teprasents the matri}

dvective flow of the non-aqueous phase.through the ¢xit bnunda:x at the hottom of the concentration gradient &t
occurs from the matnx u

racture. and mass transfer o the aqueous phase.
However, by the time the DNAPL had disuppearcd [rom the fraciure. approximately time, the valc of reverse
he persistent. After allow

10% of the TCE mass releascd bad been transported o the matrix within the aqueous
phase. primarily by matrix diffusion. This stored TCE muss continuad (o act as a source mass stored in the mau
. leading edge of the plum

of comtamination o the contaminant-free water entering the [racture. because the
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remediarion scheme based solely on water flushing through the system to remove the
: remaining contaminant stored in the mamix will be inellective because of the slow rate

f.reverse diffusion [rom the matrix 1o the fructure.
This simulation used just under 13 min of CPU time on an IBM RS/6000 serics
rachine, rated at 32 Mflops. On a Pentium U processor, rated at 266 MHu. the same
simulation required 8.3 min of CPU time, The first 75 days of the simulation. in which
the DNAPL was being released, accounted for approximately 82% of the cxecution
lime. Time steps on the order of several hours werc required in order that the change in
phase saturation per time step ar the leading cdge ol the DNAPL front within the
fracture remained within the scceptable tolerance of 0.1, The small volume of the
fracture cells cxacerbated this problem. Once the DNAPL. release had been terminated

B and the DNAPI. had hecome immobile at residual saturation. time steps on the order of
g several weeks were possible.

’

4.2, Sensitivity of DNAPL migration rate to matrix porosity

; (For purposes ol illustrating the relationship between the aqueous-phase diffusive flux
.14
3 of: a dissolved solute (o the matrix. the expression giving the total mass diffused into the
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matrix at time 7, per unit area of {racture, bascd on a solution tw Fick’s Sceond Law is
given as (Parker, 1996):

4
M, = &S, = R(D*r)r (10)
™ .

7
This analytical result assumes (D diffusion perpendicular to the (racture plane. The
physical parameters which will control the rate of diffusive flux arc secn to be the
matrix porosity (), retwrdation factor (R), frec-solution diffusion cocfficient (*), and
matrix tortuosity (7). The latier two are often grouped together as the cffective diffusion
coefficient. {n this work. the clfective diffusion coeflicicnt is dependent on the matrix
porosity and phasc saturation, through the satufation-dependent Lortuosity term (Unger et
al., 1995).

The porosity ol the smatrix materisl was varfed from that typical of crystalline rock
which is in the range of 0.1<]%. o that of a highly porous material such as clay with
porosity in the range of 30=-70% (I'recze and Cherry. 1979).

Llg. 6 shaws the suturation profile of TCE within the Iracture for matrix porosities
() of 0.01. 0.3, 0.3, and 0.5 at both § Qays and 30 days after the start of the TCE
release: The clfect of the wutrix porosity is noticeuble wt 30 duys, with the DNAPL
having reached the bottorn of the [facwure lor the two cases involving the low matrix
porosily materials, while having penctrarcd nnly 6 m along the haciure fur the material
with @ muipx porosity of 30%,

4.3, Sensirivity 1o the relative permeabiline funciion in the pracnire

The relative permeability relationships. as described in Lgs. (6)-(8). are non-linear
functions of the phuse saturations. As they are exceedingly difficult to measure for 2
[raciure, cven under controlled laborutory conditions, it js imporwnt to determing how
sensitive the DNAPL. migration rate is to their precise form. Another consideration is
that highly non-lincar relationships in the diseretized cquations may decrease the
efficicney of convergeace in the Newton iteration,

Fig. 7 shows the suturation profiles within the fracture ar u time of 30 days for a
simple test problem using three sets of refative permeabiiity curves for the (racture, cach
of 4 differear degree of non-linearity. This wus done by using three different sets of
cxponents 7, and 7, in the caleulation of the relative permeability function in the
fracture (Eqs. (6) and (). as shown in Fig. 7. The domain and busic input parumeters,
other than the relarive permeahility curves. are identical (o those used in the problems
presented above. <

Lrom Lig. 7, it can be seen that the form ol the relative permeability relutionship has
& noticeable effect on the sawrution of DNAPL within the [racwre and the depth of
penetrution of the DNAPIL. within the fracture. The cffect of the form of the relutive
perineability {unction on the efficiency of the Newton iteration was small, with a
maximum of 10 to 20¢ reduction in rthe exceution timwe for the case where the leasr
non-linear relative permeability curves were used.
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Tig. 7. Sensitivity of migration of DNAPL sawuration lronr in @ vertical fracnire (o form of DNAPL=water
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These simulations show that when a large density contrust exists between the DNAPL

and the aqueous phasc and there is u large vericul component o flow. the rate of
;DNAPT. migration and the refative saturation ol DNAPL within a single fructure are

?éry sensitive to the exact loem of the relative permeability functions. Fugther simula-
tions performed show that for the case of DNAPL. migration in a horizontal [racrure. the
exact form of the relative permeability functions hud linle effeet on the DNAPL
migranon rate.

S. DNAPL relcase above u fractured clay aquitard

Section 4 highlighted the effect of some of the more important parumeters influencing
the flow ol DNAPL in u single vertical [racture which penetrates a low-permeability
unil; however, it did not address the movement of immiscible [uids and the [armudon of
-dqueous-phase plumes in a complex network of fractures, nor the potential for Juteral
spreadmu of DNAPL on the top of a low-permeubility unit as it builds sufficiear fluid
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Table 4
Material properties for {ruct

Sand gquifers

Intrinsic permeability (isoln
(Hydraulie conductivity)

Longirudinal dispersiviry (a

1lorizontl rransverse disper

Vertical transverse dispersiy

Parosity

Clay uquitard
tnusinsic permesbility (isotn
(Hydruulic conductivity)

Longimdinai dispersivity (o
tlurizontal transverse disper
Vertical tranyverse dispersiy
Puresity

Fraciure apeniuse (25)
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pressure 1o overcome the entry pressure of fractures which may intersect the top of the

low-pcrmeability unit.
Prevmus field studies of a natural surﬁcml clay till near Sarnia, Ontario (McKay ¢t

al., 1993) have provided a detailed mapping of fracture spacing and apcriures found jn a

Table 4
Material properties (ul fracture uet\vnr)u. c,\pcruncnl :

Sand uquifers

Intginsic perrueahility (isutropic) ' ' tow ot e
(Hydrawlic conductiviry) gOx 10 mys

Lougitudinal dispersivity (ay) 0.5m
Harizontal rransverse dispersivity Len ) 003im

Vertica! transverse: dispersivity (a, ) 0.001 m

Porasity 0.3

Cluy aquitard

Intrinsic permeability (isotropic) IESIA Y
{Hydraulic conductivity) ROR10™! /s

Longitudinal dispersivity () } 01 m
Horizouts! mansverse dispensivity (e ) nodm

Vertical transverse dispersivity (a, ) 0001 m
Porusily 0.5

Fracture gpegture (24) 30 um
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typical glacial clay deposit in southwestern Ontario. The fractures were precominantly 2 3
vertical with some being harizontal in orientation, and the frequency of fracwuring 8 3
decreased with depth. Previous modelling studies. (Harrison ‘et al.. 1992: Sudicky and 3
McLaren, 1992) have uscd thesc [ield obscrvations as a guide:in designing a [racture 10 ‘??L
network (0 examine agueous-phase transport of a-dissolved tontaminant within such a
fractured clay environment. In this work, a similar fracture network was designed for the
purpose of simufating DNAPI. migration and aqueous-phase plume development within
a fractured ¢lay squitard. . ' '
0
c) 04
| S 1. Problem domain 1
24
~ The domain for the [racture network problem. shown in Fig. 8. s 50 m [ length X 4 f.o? 4‘-_‘;}
‘m in thickness. Although the numcrical model is capable of simulating DNAPL. = %
migration {n a fully 31 sysiem, the problem dddlC\\eL[ here 1s 20 with all cells being of 3 5
unit thickness. e
The domain coasists of a 1-m thick unconfined sandy aquifer, below which is a S-m ¥
thick, fractured clay aquitard. Below the clay aquiturd is a Sn thick sundy aguifer. The : 10 -J
fraclures are assumed to have a hydraulic aperture of 30 wm which is in the runge of -

values estimated by McKay et al. (1993) in their field studics. Maost ol ihe vertical

Fig. 10. The DNAPL saturutions for DNADL releuse above a fractisrod cluy sguitard: o) 30 Fracture
network at 25 days. (0) 30 wm {rerire network ar 75 days. () S0 an ferure network ag 78 days,
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fractures terminate within the clay aquitard, but two vertical fraciures, one at a
horizontal distance of about 5 m, and the other at about J2 m, pencirate the aquitard
completely and thus hydraulically conncet the upper and lower aquifers (Fig. ). The
physical properties of the aquifers and aquilard arc given in Table 4. For the purposes of
zhue simulations, the TCE is assumcd to be non- sorbm both within the ayuifer and the

a)

The domain is initially assumed to be 1u11y water-saturated, with the steudy-stale
vmundw.m:r flow regime aricnted gencrally {rom lefl to right through the uguifers and
downwards through the aquitard. The contaminant may leave any specified pressure
boundary under the process of advection only. The boundary condilions ure summarized
in Fig. 9,

The rclease zone for the DNAPL was located at Lhc upper surface of the upper
E aquifer between horizontal distances of 7.0 m and 13.0 m, as shown by the red area in

Fig. 8. A single component DNAPI. composcd entircly of TCL, the properiies of which
are given in Table 2, was relcssed at a rate of 6.6 1/day from this zone for 75 days. b)

The grid was discrerized with a minimum 6f three matrx cells between each ser of
adjacent parallel fractures. The dimensions ol the cclls varied, with the horizontal grid
block size ranging bewween 10 and 50 em. Tn the vertical dircction, the grid block size
T was 25 cm in the two aquifers, und between 5 and 10 em within the fractured clay
'1qulla.rd This discretization resulted in a grid with 15400 finite volume matrix blocks,
“and..l700 rectangular planar fraciure cells.

(w) wideg

5.2. Results for a release above a 30-um fracture network

Fig. 102 and Fig. | la show the saturation of TCF and the mole fraction of TCE in the
aqucous phase, respectively, at 25 days. ‘The non-agueous phase TCE is seen to have
migrated through the upper aquiler. and pooled on top of the lower permeability clay (o c)
a depth sufficient 10 overcome the entry pressurc of three vertical fractures n the '
aquitwrd. Tow concentrations of dissolved TCE are present in the lower aquifer at 25

¢»,  days, having been transported withln the fully penetrating vertica! fracture at a horizon-
-, tal distance of approximatcly 12 m. At 25 days, the concenteations of dissolved TCE arc
smuch Jower in the dead-end portions of the vertical fractures as there s Jile advective
“groundwater flow in these regions, resulting in diffusion-dominated transport of the
dissolved TCE,
Fig. 10b shows the DNAPL sawrations at a time of 75 days. Within the aquitard. the
DNAPL is seen to have collected in the dead-end portions of the vertical fractures, and
in the process has causcd some counter-current upward flow of water within these Log Mole Fra
fructures. As the DNAPL pools in the dead-cnd vertical fructures and the non-aqueous o A"“?
phase pressure incrcuses, it cun overcome the entry pressure of connected horizontal

{w) uideQ

. Fig. (1. Mole fraction of TCE in aqueous phase fut DNAPL release above a fractured clay aquitard: {2) 30 um
e [racture network at 25 days, (B) 30 pm tructore network at 75 days, (¢) 50 pm Jractire network at 73 days.
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fractures, causing the DNAPL o begin 10 flow ip the horizontal fracture. This sudden
initiation of flow within a hotizontal fracture connected o a vertical one is similar o the
Haines' jump seen in microscale percolation models of: multiphase flow (Mendoza,
1992). Thus, the flow of the DNAPL through the fracture network is transient and
errutic, and the prediction of DNAPL flow paths will be problematic.

At a time of 75 days. the oxtent of the DNAPL within the upper aquifer and the
{racture network within the aquitard has spread laterally beyond the original boundaries
of the release zone, As well, the diffusion halos of dissolved TCR in the mawix adjacent
togthe fractures in the clay aquitard are clearly visible in Fig. t1b.

AL 2 time of ubout 40 days. the DNAPL, arrived at the base of the aquitard, having
nuigrated along the fully pencirating vertical lracture located at x = 12 m (results al a
later time of 75 days are shown in Fig. 10b): however, no DNAPL is appareat within the
lower ayuifer, This is hecouse the groundwater flowing from Ieft to right through the
lower aquifer with 2 Darcy flux of approximately 0.014 m/duy was suificicntly rapid.
and the downward flux of DINAPI, through the 30.m fructure was sufficiently low such
that the non-aqueous phase TCE completely dissotved as it entered the lower aquifer.
This is contrary 1o the common conceptual model in which it is assumed that any
DNAPIL. migraring through a fractured clay into an underlying aquifer will always form
a DNAPL zone in the lower aquifer unit, For a given DNAPL, the primary factors which
will determune whether the DNAPL dissolves as it enters the lower aquifer or confinues

- yt0 migrate downwards through it will be the muss flux of the non-agueous phase
iwgntering the aquifer through the vertical fractures ip the aquitard. und the yaw of

digsolution induced by the lawrally flowing groundwater in the underlying aquifer, The
muss flux of DNAPL entering the lower aquifer through a particular fracture will depend
on & number ol faclors, mast impartant of which is likely to be the fracwure aperture,

5.3. Resules for a releave abore a 50-pwn fractue nerwork

Determinations of (racture aperture In clay units are gencrally not made by direet
messurement, but rather by calculations bused on the observed fraciure spucing and
measured butk conductivity of the fracwred cluy, vesuliing in some uncertainty. The
seasitivity of the fute of DNAPL. (0 the fracture aperture was examined in a simulation
in which the previons DNAPL rclsase scenario was repeared. with the network of

. fractures in the clay being assigned hydraulic apertures of 50wt as opposed to 30 pum.

~ Fig. 102 shows the DNAPL. suturations al a time of 73 duys for the physical yysiem
containing the fructure network composed of SO wm fructures. Unlike the simuladon
involving 4 30-um fracture network. the DNAPL which has reached the lower aquiler in
this simulation has not heen completely dissolved by the groundwater {lowing through
the lower aquifer. As u result, the DNAPL has continued w migrate downwards through
the aquifer. Thus. the existence of a DNAPL source zone in a deeper aquifer overlain by
a fructured clay is highly sensitive w the aperture of fractures that muy penctrate the
aquitard. For this 50-um case, as the DNAPL migrutes decper into the aguiler, the
overall character of the resulting soluwte plume, as seen in Fig, e, also tahes on
different shupe and horizonlal extent as compared to the cuse for the 30-pwm fracture
case shown in Fig. 11b.

5.4 Distribution of conta
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sudden 5.4. Distribution of contusrinant mass orer time: ' &
g to the .
cndoza, As the non-aqueous and aqueous phase plumes evolve, the distribution of conlami-. #
ent and nant mass betwcen the different geologic units changes with residence time. Shown in o R
Fig. 12 is the total amount of TCE mass. including that in both the non-ayueous phase S
and ’.hc TCE and the dissolved TCE that is stored in the fractures, the clay aquitard, and the k
indaries lower aquiler vs. time for the case of the 30-m [racture network. For refercnce purposcs,

the towd mass of TCE released 1o the domain over the 75-day period was 722 kg, At a ;
time of 75 duys, 97% of the TCE mass is located in the upper aquiler. Also at this time, &
more than 6 kg of TCE have cntered the lower squiicr, mainly through the single

o X vertical fracture &1 4 = 12 m which is fully penetrating and hydraulically connecis the ;
rithin the " upper and lower aquiler, The amount of TCE in the clay aguitard is also incressing over : oy

ough the time. duc to aqueons-phase matrix diffusion. :

dy rapid. For comparison purposes, the distribution of TCE muss for the case involving the
low such 50-m [racrure network is given in Fig. 13. In this casc. the amount of TCE in the lower
* aquifer. aquifer, in both the non-aqueous phase und in the agueous phase. is aboul 45 kg. This
':;:tf;:\i represents about a sevenfold increase over that for the cuse of a 30-um fructure network.
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6. Conclusions
‘ 7. Nomenclatore
The intent of this work was 10 provide & means ol investigating the physical process .
f. DNAPL migration through fractured low-permeability media with'significant matrix 26 fructure apermur
iy viscosity of ph
CampFlow 1o include the advective, dispersive and dilfusive {lux of three luid phases 173 porasity {~]
(gas, water, DNAPL) within discrete fractures, and between the discrete fractures and N mass density o.
the matrix. P mass density of
An example problem involving DNAPL migration in a single verical fracture o’ vanance of log
surrounded” by a low-permecability but porous marrix showed that the process of™— D depth [m]
diffusion of dissolved solute ro the matrix transfers significant amounts of contaminant D, dispersion / diff
g lo the mutrix. Removal of contaminant from the low.permeability matrix by 1lushing the g gravitational at¢
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fracture with uncontaminated water relies on the process of reverse dilfusion, which is
very slow.

A sensitivity analysis of ONAPL migration in a single veriical fracture showed that -
the rate of DNAPL flow and the ultimate depth of DNAPL penctration within a fracture

-{ were affected by diffusion of dissolved solute to the matrix in cascs where the matrix
matcrial was of high porosity. From a pumcrical perspective, this emphasizes the need
] for numerical models to couple the clfects of mulriphase flow and squeous phase

transport rather than assume that the flow of the DNAPL is independent from transport

in the aqueous phase. The relative permeability function assigned to a fracture also _

strongly affects the rate of DNAPL wmigration within a vertical [racture for NAPLs N

which have densities significantly greater than that of water. )
A 2D simulation u\vnlvmo a scenario with a sandy aquifler SH’UHlLd bencalh a i

fractured clay aquitard showed that the lower aquifer was volnerable 10 contamination AR
from DNAPLs introduced at the ground swiface. It was shown that, provided a pRn T
] continuous downward pathway exists in the fraclure network in the clay, und if fracture '
apertures are sufficicntly large. then the possibility exists for a zone of non-aqueous . SAENS
j phasc contamination to occur within the lower aquifer: however. if the apertures of the ‘ e

vertical [ractures al the aquiler /aquilurd interfuce are suflficiently small such that the
rate of lcukage of DNAPJ. into the lower aquifer [rom the fractures is fow, then lateral

:'_’_‘j groundwarer {low in the lower aguifer can potentially dissolve the DNAPL as it enters. A
if this is the case. « zone of DNAPL contamination will not form in the lower aquiler. N
but a dissolved plume will form and migrate laterally, The possible disappearance of the .'-'
DNAPL duc w dissolution at the interface between « fractured clay deposit and « sandy ‘. i B
aquifer underlying it is an important detail which is not currently considered in previous Y
conceptual models of the fate of DNAPLs in fractured geologic media. Whether or not a
‘ ] the non-ugueous phase can cnter and persist within the lower aguifer also depends on : i
3 other factors such as the DNAPL release rate and its composition at the source, the & !
¢ 1o the thickness of the fractured clay luyer and the diffusion/sorpuion properties of the clay. ) "

Because of the myriad of processes and non linear interactions that can occur during the ‘ TR
downward migration of DNAPL through complex multi-uquifer/aquitard systems, the
CompFlow model can serve us @ usclul ool to quantitively evaluate alternative |
conceptual models, : )

7. Nomenciature

: 2h fracture aperture {pm]
il model M, viscosity of phasc [ [Pa s] : y
d phases o porosity [ -] "/'
ures snd v o, mass density of solid plm\c [kem )
n mass density of phase 7 kg m™*)
fracture o varignee of log-normal fraciure aperture distribution
ocess of D depth [m)
itaminant D, dispersion /diflusion tensur for compenent p in phase / fm' '] i

shing the g gravitationul aceelerution {ms 7] S
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sbsolute permeability tensor [m?)

sorption coefficient of r, onto solid phase Im* kg™')
relative permeability of phase { [—]

phase: aqueous (), non-agueous (n) and gas (g)

P component: water (w), air (1) and m conlaminants (¢, )
P, pressure ol phase / {Pu]
q, source /sink wrm for componem p [mole m * s7']
3, saturation of phase { [~
v, Darey flux of phase ¢ {m s™)
w, molecular weight of component p [kg mol ™) .
b X mole {raction of cumponent p in phasc ¢ [—1
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